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Mechanisms Offsetting the Beneficial Effects of 
Antihypertensive Drugs: A Problem Increasingly 
Considered but Incompletely Understood 

T.J.M. Cleophas 



In clinical practice it is far from unconunon tfiat antihypertensive drugs fail to meet their expecta- 
tions. This is mainly due to mechanisms counteracting their antihypertensive effects. These mecha- 
nisms include stimulation of the sympathetic nervous system (SNS), inhibition of the parasympa- 
thetic nervous system (PSNS), stimulation of the renin-anj;iotensin-aldosterone system (RAAS), as 
well as endothelium-dependent mechanisms. To review whether the activation of such mechanisms 
follows differential patterns depending on the type of antihvpertensi\ e therapy being used. The 
antihypertensive effects of diuretics and calcium chann.el blockers are largely offset by all of the 
mechanisms enumerated. The antih\7>ertensive effects of angiotensin-convertmg enzyme (ACE) 
inhibitors/angiotensin II (All) receptor antagonists and |3-blockers arc counteracted by all of the 
mechanisms enumerated except for the effects of a stimulated RAAS and SNS, respectively. ACE 
inhibitors/ All receptor antagonists and p-blockers display a better profile of mechanisms counter- 
acting their antihypertensive effects than other categories of drugs currently available. However, 
because this is not routinely confirmed by random trial evidence, additional deterrrunants of drug 
performance must be considered including between-subject disparities in drug response, metabolic 
effects, and proliferative effects. 

Keywords: hypertension, antihypertensive drugs, calcium channel blockers, diuretics, |3-blockers, 
angiotensin-converting enzyme (ACE) inhibitors, angiotensin IT receptor antagorusts. 



INTRODUCTION 



In clinical practice, it is not uncommon for antihyper- 
tensive drugs to fail to meet their expectations. This 
failure is mainly due to mechanisms counteracting 
their antihypertensive effects. Arterial blood pressure 
is the product of cardiac output (CO) and total periph- 
eral resistance (TPR) to blood flow through the vascu- 
lar system. Heart rate and myocardial contractility are 
important determinants of CO. Vascular resistance is 
directly related to the viscosity of blood and length of 
blood vessels. Vascular resistance is inversely related 
to blood vessel luminal diameter, which normally rep- 
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resents the principal determinant of flow resistance. 
Cardiac performance and vascular diameter are con- 
trolled by several intrinsic regulatory mechanisms. 
Heart rate is determined by pacemaker cells in the 
sinoatrial node, and cardiac stroke volume is subject to 
several types of homeostatic regulation. The diameter 
of most resistance-producing blood vessels is influ- 
enced by the normal contractile state of the vessels 
balanced by release of vasorelaxant substances from 
the endothelial ceU monolayer lining the vessel lumen. 
Patients with recent-onset essential hypertension tend 
to have an elevated CO. With chronic sustained hy- 
pertension, most patients develop normal or low CO 
and a fixed elevated peripheral resistance. Drugs cur- 
rently available lower blood pressure by decreasing 
either CO or TPR. CO and TPR are not independent 
variables, however, and changes in one directly affect 
the other. Reduction of blood pressure achvates physi- 
ologic mechanisms opposing a drug-induced decrease 
in blood pressure. Novel molecular techniques, for ex- 
ample, the identification of mRNAs of different blood 
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Table 1. Possible mechanisms opposing drug-induced decreases of blood pressure. 



Endothelium Independent 



Endothelium dependent 



Increased sympathetic activity (via baroreflex) 

Positive ino- and chronotropic 

Vasoconstriction 
Inhibition of parasympathetic activity 

(via baroreflex) 

Positive chronotropic 

Decreased vasodilation 
(acetylcholine mediated) 
Increased renln-angiotensln-aldosterone 

secretion 

Na, K, Hj retention 

Vasoconstriction 
Increased ADH/vasopressin secretion 

(via baroreflex) 

Na, K, H2O retention 

Vasoconstriction 
Direct intrarenal hydraulic effect 

Na, K, HyO retention 
Other endothelium-independent 

circulating vasoactive compounds* 

Dopamine (SNS)^ 

Adrenaline (adrenal gland)^ 

Ca** 

K 

Serotonin (platelets)* 



Decreased shear stress causing decreased endothelial release of* 
NO 

Vasodllatory prostaglandins 
Natriuretic peptides 

Endothellum-derived hyperpolarizatlon factor 

Decreased vasodilation 

Increased Na, K, H2O excretion 
Decreased shear stress causing Increased secretion of* 
Vasoconstrictive eicosanoids (thromboxanes) 
Substance 
Endothelins 
Vasoconstriction 
Reduced activity of other endothelium-dependent vasoactive 

compounds that influence NO-mediated vasodilation* 
Acetylcholine (PSNS nerve endings) 
Adenosine triphosphate 
Bradykinin (mast cells) 
Histamine (mast cells) 
Decreased vasodilation 



Abbreviations; NO, nitric oxide; SNS, sympathetic nervous system; PSNS, parasympathetic nen/ous system. 

*More recently considered mechanisms. Some of the compounds mentioned here are not discussed in the text, and the extent of their 
influence on the effects of hypotensive drugs is based on indirect arguments and is partly theoretical. 
■"Compound produces, in addition to vasoconstrictor, vasodilator activity. 



pressure-modulating factors through polymerase 
chain reaction, have greatly expanded insight into 
these mechanisms. This article reviews such mecha- 
nisms. It is concluded that they follow differential pat- 
terns depending on the type of antihypertensive 
therapy being used and that p-blockers and angioten- 
sin-converting enzyme (ACE) inhibitors display a bet- 
ter profile in this respect than other categories of drugs 
currently available. 



PHYSIOLOGIC MECHANISMS 
OPPOSING DRUG-INDUCED 
DECREASES OF BLOOD PRESSURE 

See Table 1 for mechanisms that oppose drug-induced 
decreases of blood pressure. 

Renin-angiotensin-aldosterone system 

A decrease in arterial pressure causes release of the 
enzyme renin from the kidney into the blood. Renin 
generates angiotensin I from a circulating substrate. 



angiotensinogen, svTithesized in the liver and other 
tissues. Angiotensin 1 is converted to angiotensin II 
(All) by converting enzyme, found in the endothelial 
cells of the lung as well as other tissues. ATI constricts 
blood vessels and causes renal salt and water retention 
by direct intrarenal actions and by stimulating the 
adrenal gland to release the potent mineralocorticoid 
aldosterone. 

Sympathetic nervous system 

A decrease in blood pressure also activates the barore- 
flex, producing increases in sympathetic nervous sys- 
tem activity and leading to (1) increased forced and 
rate of cardiac contraction and enhanced cardiac re- 
laxation, which combine to elevate CO; (2) constriction 
of resistance arteries leading to an increase in TPR; 
and (3) renal retention of sodium chloride and water, 
a mechanism mediated by renal sympathetic nerves 
Lrmervating renal blood vessels aiid tubules. 

Parasympathetic nervous system 

Inhibition of parasympathehcally mediated heart rate 
changes occurs within 1 second when blood pressure 
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acutely drops, whereas sympathetically mediated 
changes do not occur until after 1 to 2 minutes.^ It is an 
important defense against orthostatic hypotension as 
well as acute hypotension after intravenous or sublin- 
gual administration of hypotensive agents. Vagal in- 
hibition through the baroreflex may be an initial step 
to the deleterious effects of acute tachycardias after the 
acute administration of vasodilators such as nifed- 
ipine. 

Vasopressin system 

A decrease in arterial pressure causes baroreflex- 
mediated release of vasopressin (antidiuretic hormone 
[ADH]), which is a trigger to vasoconstriction and acts 
on the renal collecting ducts to enhance retention of 
water. 

Fluid retention by the kidney 

A fall in arterial pressure causes decreased sodium 
chloride and water excretion by the kidney. This de- 
crease results, in part, from the direct intrarenal hy- 
draulic effect of reduced renal perfusion pressure and, 
in part, from the other mechanisms just listed. The 
resultant expansion of extracellular fluid and plasma 
volume tends to increase CO and arterial pressure and 
thus reduce the antihypertensive action of the drug. 



RECENTLY RECOGNIZED 
MECHANISMS OPPOSING 
DRUG-INDUCED DECREASES OF 
BLOOD PRESSURE 

Endothelium-independent factors 

Important vasoconstrictor activity is displayed by se- 
rotonin.^ It is released from the sympathetic nuclei in 
the central ner\^ous system and from platelets in the 
vessels. Serotonin, similar to norepinephrine and Ail, 
causes vasoconstriction mediated by the second mes- 
sengers inositol triphosphate and diacylglycerol, en- 
hancing Ca** influx through the ion-voltage Ca""^ 
channels as well as Ca** influx from subcellular com- 
partments, such as the sarcoplasmic reticulum. An- 
other endothelium-independent vasoactive mecha- 
nism is the cyclic adenosine monophosphate- 
mediated stimulation of Ca^"^ efflux caused by the cnj- 
agonist and Pj-agonist epinephrine,'*dopamine,^ and 
some prostaglandins'^ through action at their different 
receptors on the vascular smooth muscle cells. Particu- 
larly, nonselective p-blockers are considered to pro- 
duce paradoxic pressor effects because of inhibition of 
the latter mechanism." A recently recognized but 
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poorly understood mechanism counteracting drug- 
induced decreases in blood pressure is the so-called 
sustained myogenic tone in resistance arteries, which 
is endothelium independent and calcium mediated.®'^ 

Endolhelium-dependent factors 

Autocrine and paracrine factors involved in the regu- 
lation of endothelium-dependent and endothelium- 
independent myocardial and vascular muscle cell to- 
nus have been recognized, but their mechanism has 
not yet been clearly defined. Although the sympa- 
thetic nervous system (SNS) acts independently of the 
vascular endothelium, -"^ the renin-angiotensin- 
aldosterone system (RAAS)," and the parasympa- 
thetic nervous system (PSNS)^' do not (Table 1): All 
stimulates vascular smooth muscle cells directly 
through its receptors and, in addition, modulates the 
release of both nitric oxide (NO)'"' and endothelins'* 
from endothelial cells. Acetylcholine released from the 
PSNS nerve endings produces mainly a receptor- 
mediated stimulation of NO synthetase^ in the intact 
endothelium. A reduction in shear stress by antihy- 
pertensive drugs triggers the endothelium to start re- 
leasing several vasoconstrictors, including throm- 
boxanes and endothelins, and to stop releasing vaso- 
relaxants, including KG, prostaglandins, C type 
natriuretic peptide, and endothelium-derived hypcr- 
polarization factor'''-^' (Table 1), the latter of which js 
particularly important when NO release is impaired.^" 
Many patients with hypertension have impaired va- 
sodilation of resistance arteries because of endothelial 
dysfunction. ''Although this phenomenon does not 
oppose drug-induced decreases of blood pressure, it 
may contribute to small responses to drug treatment 
in some of these patients. 



FREQUENTLY USED 
ANTIHYPERTENSIVE DRUGS AND 
SPECIFIC MECHANISMS 
OFFSETTING THEIR 
ANTIHYPERTENSIVE ACTIVITIES 

Diuretics 

Although the antihypertensive activity of diuretics is 
not completely understood, they obviously cause salt 
and subsequently blood volume depletion. Salt restric- 
tion brings about a 10% reduction in arterial blood 
pressiue as demonstrated in the Intersalt Study, an 
effect that is lost in patients who increase their dietary 
sah.^° In patients who do not increase their salt intake, 
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Table 2. Schematic pattern of how different mechanisms possibly oppose the effects of frequently used 
antihypertensive drugs. 
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Abbreviations: RAAS, renin-angiotensin-aldosterone system; SNS, sympathetic nervous system; PSNS, parasympathetic nervous 
system. 

*The influence of specific mechanisms and the extent of their influence are based on indirect arguments and are partly theoretical. 



the antihypertensive effect is largely offset by almost 
all of the mechanisms enumerated in Table 1, of which 
the increased activities of the RAAS and SNS^' prob- 
ably are most important because these activities have 
been strongly associated vtith the deleterious effects of 
long-term hypertension, such as occlusive arterial dis- 
ease, cardiac failure, and cardiac death. This is consis- 
tent with the study of Alderman et al" in 3000 hyper- 
tensive subjects establishing a fivefold increased sus- 
ceptibility to myocardial infarction in salt-depleted 
subjects. Table 2 shows not only that 3-blockers and 
ACE inhibitors activate fewer counterbalance mecha- 
nisms than the other categories do, but also that they 
either do not activate the RAAS and SNS or do so to a 
lesser degree. 

ACE inhibitors and All receptor antagonists 

The exact mechanisms of action of ACE inhibitors and 
All receptor antagonists are not well known. They not 
only inhibit the production or activity of All, but also 
potentiate prostaglandin-mediated and bradykinin- 
mediated vasodilator activity.^^ This synergism re- 
sults in a reduction of the peripheral vascular resis- 
tance by dilation of the resistance vessels. Although all 
of the mechanisms from Table 1 except the effects of 
the RAAS may be important in counteracting this syn- 
ergism, some of them have been postulated to be par- 
ticularly so. First, in contrast to the SNS, which exerts 
its action directly on the cardiovascular smooth 
muscle cells, the l^AS interacts with the ATj recep- 
tors that are present on both the cardiovascular endo- 
thelium and smooth muscle cells. ^* Stimulation of the 
endothelial AT, receptors modulates the release of 
both endothelins and NO."'^ Reduced activation of 
these receptors by ACE iithibitors is associated with 
increased levels of NO and reduced levels of endothe- 
lins. This mechanism would explain the decreased 



sensitivity of the resistance vessels to All commonly 
seen with ACE inhibitors.^*' Second, ACE inhibitors 
caused an increase of sympathetic activity through 
baroreflex activation, although this effect was lacking 
in the kidney" and was less substantial than seen with 
calcium channel blockers.^' One of the reasons for the 
difference in baroreflex activation may be the absence 
of modulatory calcium channel receptors and pres- 
ence of ATi receptors on the vascular endothehum.^** 
In contrast to ACE inhibitors, ATj receptor blockers 
have been demonstrated to increase not only plasma 
norepinephrine levels,'^^ but also renal sympathetic ac- 
tivity.-^" 

Calcium channel blockers 

Increase of CA** influx into the muscle cell causes 
vasoconstriction. Calcium channel blockers block Ca"^ 
entry into the vascular smooth muscle cell through the 
L-type ion-gated Ca** channels. The intracellular Ca** 
concentration is a final common pathway of contrac- 
tion, although NO can decrease the sensitivity of con- 
tractive proteins to Ca**, and so calcium channel 
blockers exert an important influence on this mecha- 
nism.^^ The vasodilation that follows their admirustra- 
tion raises a baroreflex-mediated counterbalance, me- 
diated by a change in the balance between the PSNS 
and the SNS and increased ADH secretion.^^ The re- 
sulting tachycardia '-' and volume expansion"** are fur- 
ther amplified by fluid retention because of intrarenal 
hydraulic properties'""^ as well as activation of the 
RAAS.-^^ It has been assumed that such mechanisms 
would not be so active if sustained-release formula- 
tions instead of short-acting calcium chaimel blockers 
were applied."" Sustained-release nicardipine, how- 
ever, caused an increased plasma concentration of All 
and increase of SNS activity similar to acute-release 
nifedipine.'^'' These coimterbalance mechanisms over- 
came vasodilation in a number of studies. ''^ 
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P-Blockers 

j3-Blockers have a favorable profile of counterbalance 
mechanisms. They reduce sympathetically mediated 
stimulation of CO and reduce RAAS by reducing re- 
nin activity in the kidney.'" In this regard, their effi- 
cacy is similar to that of ACE inhibitors, but in addi- 
tion they do not allow for an increased sympathetic 
activity in the heart because the cardiac |3-receptors 
are blocked. Also, p-blockers have been demonstrated 
to stimulate vasodilatory prostaglandins.""' Particu- 
larly the cardioselective property is considered re- 
sponsible for the hemodynamic benefit because, in 
contrast to the property, it allows for Pj'receptor 
mediated vasodilation.*' 



DISCUSSION 

Increased SNS and RAAS as well as serotonin activity- 
increases the mRNA expression of c-fos, c-jiin. and c- 
myc proto-oncogencs, and these systems arc thus mi- 
togens. They induce growth factors, such as insulin, 
vaseular endothelial growth factor, and cytokines. "''^'"^■* 
Tliese factors have been associated with left v entricu- 
lar hypertrophy, remodeling, atherosclerosis, and ap- 
optosis, all ot whicl-i are mechanisms considered im- 
portant causes of morbidity and mortality from long- 
term hypertension. The importance of these factors is 
emphasized by the insulin-resistant syndrome X, 
which combines early hypertensive tissue damage 
with initially \irtual absence of elevated blood pres- 
sure.^" Drugs that suppress one or more of the mecha- 
nisms promoting mitogenesis may be advantageous in 
the long-term compared with others. p-Blockers pro- 
vide the best profile in this respect because they block 
the adrenergic receptors in the heart as well as the 
renin receptors in the kidney. The stimulation of p-re- 
ceptors could be a primary effector of the mitogen 
mechanism in the heart.'** Cardioselective p-blockers 
do not antagonize stimulation of Pj-^eceptors on the 
vascular smooth muscle cells, enhancing cyclic aden- 
osine monophosphate-mediated Ca** efflux, wluch 
promotes relaxation^': ACE inhibitors and All recep- 
tor blockers, although they inhibit action of the RAAS, 
do not prevent action of the SNS and PSNS. A poor 
profile is displayed by the calcium channel blockers 
and diurehcs, which give rise to increase of all of the 
three mitogen mecharusms. There is some evidence in 
the literature that such considerations are of clinical 
importance.-''*' Furberg et al*** showed in their case- 
control study an increased risk of myocardial infarc- 
tion in patients with hypertension treated with cal- 
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cium channel blockers by 60".. (P < 0.001), an un- 
changed risk in those treated with ACE inhibitors, and 
a decreased risk by 30"i. (P < 0.04) in patients treated 
with p-blockers. The p-blocker data were consistent 
with the existent data from the large primarv and sec- 
ondary p-blocker prevention studies, and the calcium 
channel blocker data were subsequently confirmed by 
a meta-analysis of calcium blocker trials from the same 
authors.'*" 

The beneficial effect of diuretics on blood pressure 
has never been strongly associated with a beneficial 
effect on survival and has even been connected with 
increased risk of death in recent research.-" I he effect 
of diuretics is small in practice because of patients' 
reluctance to limit their salt intake.""' In compliant pa- 
tients, diuretics caused an increase of all of the growth 
factor-enhancing mechanisms.^' Tlie acute effect of 
calcium charmel blockers is counteracted by vagal in- 
hibition in addition to increased sympathetic activity, 
giving rise to particularly dangerous tachycardias,'^'"^ ■''' 
which is generally considered to be responsible for 
cardio\'ascular complications such as myocardial in- 
farction.""- Although calcium channel blockers are ap- 
proved as safe antihypertensive drugs, caution must 
be exercised because of their retlex parasympathoin- 
hibition and sympathoactivation to blood pressure re- 
duction.'^' In this regard, .All receptor antagonists and 
the newer class of calcium channel blockers have been 
thought to be promising for long-term treatment be- 
cause those drugs pro\'ide good bioa\'ailabilit}' with 
once-daily dosing and might induce less reflex sym- 
pathoactivation, but evidence from controlled clinical 
trials is largely missing. Diuretics as well as calcium 
chaimel blockers are associated with less favorable 
counterbalance mechanisms than p-blockers or ACE 
inhibitors, the first of which displays the best perfor- 
mance in this respect. 

Drugs that exert a central inhibitory effect on the 
SNS, such as the a2-ago"ists clonidine""* and moxoni- 
dine,^" or the recently de\ eloped serotonin inhibitors, 
such as ketanserin,''^ either as a single treatment or in 
combination with low dosages of other inhibitors or 
blockers of the R.A.AS and SNS may be efhcient alter- 
natives to the current regimens with fewer side effects. 
Current NO donors are antiproliferative"' but did not 
lower blood pressure to acceptable levels in patients 
with hypertension.-^'^ Different treatment regimens 
with asymmetric dosages of NO donors are docu- 
mentedly efficient in angina pectoris and may also be 
so in hypertension with its circadian rhythm similar to 
that of angina pectoris.^'^ The counterbalance profiles 
of NO donors have not been extensively studied. Be- 
cause of the antiproliferative properties of NO in ani- 
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mal testing, however, they deserve attention. This is 
even more so because rather than the level of blood 
pressure, the activation of counterbalance mechanisms 
and the absence of such activation are probably im- 
portant determinants of long-term benefit or lack of 
benefit from antihypertensive drug treatment. The 
purpose of treatment of hypertension is to prevent 
cardiovascular complications, including atherosclero- 
sis and ischemic heart disease. Drug treatment has 
been shown through controlled clinical trials to reduce 
the morbidity and mortality associated with hj'perten- 
sion. Yet the benefit of drug treatment is less than 
predicted from epidemiologic surveys. The question 
as to whether any specific drug class confers harm in 
addition to benefit for the treatment of hypertension is 
the objective of several current trials. The Treatment of 
Mild Hypertension Study (THOMHS) trial,^^ although 
designed to address this question, was not sensitive to 
provide reliable estimates of its end points. The ongo- 
ing Antihypertensive and Lipid Lowering Treatment 
to Prevent Heart Attack Trial (ALLHAT)"' from the 
same investigators included not less than 40,000 pa- 
tients to provide enough sensitivity. In my view, no 
trial whatever size will ever find the definite answer, 
unless the specific counterbalance mechanisms of the 
drugs under study are assessed more systematically. 
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